In order to compare the tasks used in rats to those used in humans, we first studied whether three ERO measures [energy, phase locking index (PLI) within an electrode site and phase difference locking index (PDLI) between different electrode sites] differentiated the 'active' from 'passive' ERP tasks. Secondly, we explored our main question of whether the three ERO measures differentiated adults from periadolescents in a similar manner in both humans and rats. No significant changes were found in measures of ERO energy between the active and passive tasks in the periadolescent human participants. There was a smaller but significant increase in PLI but not PDLI as a function of active task requirements. Developmental differences were found in energy, PLI and PDLI values between the periadolescents and adults in both the rats and the human participants. Neuronal synchrony as indexed by PLI and PDLI was significantly higher to the infrequent (target) tone compared to the frequent (nontarget) tone in all brain sites in all of the regions of interest time-frequency intervals. Significantly higher ERO energy and significantly lower synchrony was seen in the periadolescent humans and rats compared to their adult counterparts. Taken together these findings are consistent with the hypothesis that adolescent remodeling of the brain includes decreases in energy and increases in synchrony over a wide frequency range both within and between neuronal networks and that these effects are conserved over evolution.
Introduction
Adolescence is a critical time period when physical, sexual, cognitive, emotional and social maturation occur [1] . While there has been a tendency to define adolescence by endocrine events such as puberty, it actually involves changes in the brain that may occur in a separate time frame from the endocrine events associated with puberty [2] . During adolescence, there are major changes that occur in brain morphology including the selective removal of 40-50% of the synapses (synaptic pruning) in cortical and subcortical brain regions [3] [4] [5] [6] , continued myelination of cortical regions [7] [8] [9] and dramatic changes in neurotransmitter levels [10] [11] [12] [13] [14] [15] as well as receptor levels and their sensitivity [4, 12] .
The alterations in neurobiological organization and behavior seen during adolescence appear to have been notably conserved during evolution with a number of similarities seen across mammalian species [16] . It has been suggested to encompass the entire second decade of life (10-20 years) in humans [16] . In the rat it has been suggested that the periadolescent period may, as a conservative estimate, span postnatal days (PD) 28-42 [17] [18] [19] .
The global behavioral changes seen during adolescent development most likely require the integration of a number of functional neuronal areas distributed over the brain that are in constant interaction with each other. It has been suggested that such large-scale integration and communication within the brain could be mediated by groups of neurons that oscillate within a specific frequency range and enter into precise phase locking, or synchrony, over a limited period of time [20] [21] [22] . Measures of neuronal phase synchrony may therefore be a sensitive way to measure the effects of developmental changes on local and global neural networks in humans and rats.
Event-related potentials (ERPs) are a series of negative and positive voltage deflections of the electroencephalogram (EEG) that are time locked typically to either sensory or cognitive events and can be recorded in both humans and animals. It has been suggested that the stimuli that evoke ERP components influence oscillatory changes within the dynamics of ongoing EEG rhythms [23] [24] [25] [26] [27] [28] [29] [30] . This synchronization or enhancement of ongoing EEG oscillations by a time-locked cognitive and/or sensory process is termed an event-related oscillation (ERO) [31] [32] [33] . EROs are thought to arise by a 'phase re-ordering', or realignment, of the background EEG in several frequency bands [34, 35] . Phase locking of EROs can be measured in both humans [22, 33] and, more recently, in rodent models [36] [37] [38] [39] , allowing for translational studies to be conducted.
The present study was conducted to further explore whether differences exist in ERO energy (the square of the output magnitude of the time-frequency transform of the EEG) and phase synchrony (phase locking) between periadolescents and adults in rats and to directly compare those findings to human data. We predicted that over periadolescent development, the remodeling of neuronal circuits produced by pruning and increased myelination could theoretically result in an increase in the synchrony or phase locking of neurons both within a neuronal population and between neuronal populations. Evidence for this hypothesis has been demonstrated previously in human studies [40] . Our study is unique in that we used a similar auditory ERP paradigm in male rats and male humans in order to explore effects of development during the periadolescent-adult period on energy and phase locking of EROs in specific frequency bands. The advantage of this type of 'translational' research is that it allows for the use of electrophysiological measures, which have known clinical correlates in humans, to be used in rodent species where the mechanisms underlying the generation of those measures can be more readily explored using techniques such as genetic modification, molecular biology and behavioral investigations.
In our study two auditory 'oddball plus noise' paradigms were used to generate EROs -one that required responding to the infrequently presented tone ('active' task, used in periadolescent and adult humans) and one that did not require any responses to the tones ('passive' task, used in rats and periadolescent humans). The use of passive tasks are important because they can be used in human participants who may be too young or have cognitive/behavioral challenges that preclude them from being able to adequately respond to the task requirements [41] . Secondly, passive tasks are important in animal research in circumstances where it is not possible to present the stimuli, and train the animal to respond to the stimuli, in a similar manner to humans without using food restriction/food rewards, which presumably have different motivational concomitants.
The first objective of the present investigation was to determine whether ERO measures differentiated active from passive ERP tasks in humans. This question was explored in order to better interpret data in humans and rats since the rats were assessed using a passive paradigm. Secondly, we assessed whether ERO measures of energy and synchrony differentiated adults from periadolescents in both the rats and the humans.
Experimental Procedures

Human Participants
Young Adult Participants Males between the ages of 18 and 25 years were recruited using a combination of venue-based method and a respondent-driven procedure that has been described elsewhere [42] . Telephone screening with research staff was used to complete a questionnaire [43, 44] which was used to select individuals who met eligibility for the study. All participants signed informed consent, and the study was approved by the Scripps Research Institute Internal Review Board. Participants were excluded from further evaluation if they met diagnostic criteria for alcohol or other substance dependence, or other major Axis I psychiatric disorders according to criteria outlined in the third edition of the Diagnostic and Statistical Manual of Mental Disorders [45] . Participants were also excluded from this study if they were taking prescribed medication or had any major medical condition as described previously [42, 46, 47] . Participants were instructed not to use alcohol or any other drugs for 3 days prior to testing. Records from 38 of the participants were still available on readable media and were used in the present analyses. EEG/ERP and ERO responses to alcohol challenge in these participants have been reported previously [42, 46, 47] . Data in the present report included only ERO responses to placebo, for comparison to the periadolescent sample.
Periadolescent Participants Two groups of periadolescent children (aged 10-14 years) were recruited as described previously [48] [49] [50] [51] [52] . Both groups were recruited from the community and individual informed consent was obtained from one biological parent or legal guardian. Participants were excluded if they were taking any prescribed medication or had any major medical or psychiatric/developmental disorder. Records from 31 of the participants were still available on readable media and were used in the present analyses. Baseline EEG and ERP responses to auditory stimuli in these individuals have been reported previously [48, 49] . Data in the present report included only ERO responses, for comparison to the young adult participants.
ERP Collection and Analyses in Human Subjects
Young Adult Participants Seven channels of ERP data [frontal cortex (FZ), central cortex (CZ), parietal cortex (PZ), F3, F4, F7, F8 and referenced to linked earlobes with a forehead ground, international 10-20 system] were obtained by using gold-plated electrodes with impedance held below 5,000 Ω. An electrode placed left lateral infraorbitally and referenced to the left earlobe was used to monitor both horizontal and vertical eye movement. ERP signals were recorded on a Nihon-Kohden polygraph (sensitivity 7 μV/mm, time constant 0.1 s, 35-Hz low-pass filter). Signals were transferred to a computer and digitized at a rate of 256 Hz. The EEG amplifier input range corresponded to the full range of the 12-bit analog-to-digital converter was about ±250 μV. Periodic calibration results were used to scale the digitized EEG to microvolts. Auditory stimuli and ERPs were elicited using an oddball plus noise paradigm. The acoustic parameters were three square wave tones (rise/fall times, 1 ms): a frequent tone (50 ms, 2 kHz, 70 dB SPL) presented on 83% of the trials (n = 200), an infrequent tone (50 ms, 2 kHz, 80 dB SPL) presented on 10.4% of the trials (n = 25), and a noise burst (50 ms, noise, 80 dB SPL) presented on 6.3% of the trials (n = 15). Each subject was hearing tested prior to the recording to ensure that he had no trouble easily identifying the three different tones. Infrequent tones were interspersed with frequent tones so that no two rare tones occurred consecutively. A noise burst was substituted for an infrequent tone every 12 trials to avoid habituation to the infrequent tone. The digitizing epoch was 1 s and an intertrial interval of 0.5-1.0 s was used. The ERP trials were digitized at a rate of 256 Hz. The total number of trials in each recording session was 240. These stimulus characteristics have been used extensively in our laboratory and have been described previously [42, 46, 53] . Each subject was instructed to depress a counter each time he detected an infrequent (target) tone. Individual trials containing excessive eye movement artifact as well as trials where the EEG exceeded 250 μV (<5% of the trials) were eliminated.
Periadolescent Participants
In the first set of periadolescent participants (n = 19) [49] seven channels of ERP data (FZ, CZ, PZ, F3, F4, F7, F8 and referenced to linked earlobes with a forehead ground, international 10-20 system) were obtained by using gold-plated electrodes with impedance held below 5,000 Ω. An electrode placed left lateral infraorbitally and referenced to the left earlobe was used to monitor both horizontal and vertical eye movement. ERP recording signals were amplified (time constant 0.1 s, 35-Hz low-pass filter) using a Nihon-Kohden EEG machine and transferred to a computer for digitization. Auditory stimuli and ERPs were elicited using an oddball plus noise paradigm identical to that used in the adults and described previously [49] . In the second set of periadolescent participants (n = 12), recordings were obtained using an electrode cap. Unipolar recordings from FZ, CZ and PZ were referenced to linked earlobes. The auditory stimuli and ERPs were elicited using a passive oddball plus noise paradigm identical to the one used for the first set of periadolescent participants; however, the noise tone was 20 dB louder and the participants were not asked to respond to any of the stimuli.
Animal Subjects
The experimental subjects were 15 male periadolescent (PD23 on arrival, weighing 58-79 g) and 19 male adult (PD90 on arrival, weighing 351-387 g) Wistar rats. At least 1 week prior to the electrophysiological recordings the rats were surgically prepared with screw electrodes placed in the skull overlying the frontal (adults: AP +1.5, ML ±3.0; periadolescents: AP +1.5, ML ±2.0), parietal lobe (adults: AP -4.5, ML ±4.5; periadolescents: AP -4.0, ML ±3.5), and an electrode placed over the cerebellum was used as ground. Two electromyography wire electrodes were also inserted into the rats' neck muscles on the right and left. The rats were anesthetized with isoflurane and atropine (0.03 ml for periadolescents and 0.06 ml for adults, subcutaneously) was coadministered to minimize respiratory suppression during the surgical procedures. Electromyography and EEG electrode connections were made to an Amphenol 5-pin connector (adult rats) or were assembled into a custom 5-pin cap (for the periadolescent rats), and the assembly was anchored to the skull with dental acrylic and anchor screws. All the animals were pair-housed in standard plastic cages on a 12-hour light/dark cycle (lights on at 8.00 a.m.) and food and water were provided ad libitum. All experimental protocols were approved by the Institutional Animal Care and Use Committee at the Scripps Research Institute and were consistent 
ERP Collection and Analyses in Animal Subjects
ERPs were elicited by auditory stimuli that were presented through a small speaker centered approximately 70 cm above the rat's head. Electrophysiological recordings were made in the periadolescent rats at PD33-39; the adult rats were recorded on PD100-106. ERPs were elicited by an acoustic oddball plus noise paradigm identical to the passive paradigm described above for the periadolescent human participants. Signals were transferred to a PC and digitized at a rate of 256 Hz. The EEG amplifier input range corresponding to the full range of the 12-bit analog-to-digital converter was about ±250 μV. Periodic calibration results were used to scale the digitized EEG to microvolts.
ERO, Phase Locking Index and Phase Difference Locking Index Analyses ERO energy (peak magnitude of the S transform output, squared, in a time-frequency region of interest, ROI), phase locking index (PLI) and phase difference locking index (PDLI) analyses were accomplished from the same data sets that were used to generate ERP data reported in four previous publications in humans [42, 48, 49, 54] and unpublished data in the rats. Methods for these analyses have been described in detail elsewhere [39, 47] .
The ERO trials were digitized at a rate of 256 Hz. Trials containing excessive artifact were eliminated prior to averaging (<5% of the trials). An artifact rejection program was utilized to eliminate individual trials in which the EEG exceeded ±400 μV. Data from single trials generated by the stimuli were entered into the timefrequency analyses algorithm. The S transform, a generalization of the Gabor transform [55] , was used [56] . 
The S transform mathematically resembles the continuous wavelet transform but it uses Gaussian windows which do not meet a requirement of wavelet analysis, and it includes a 'phase correction' that is not part of wavelet analysis. The actual use of the S transform was simplified by performing first a forward Fourier transform of the time series and then, for each frequency of the Fourier transform, summing the results of multiplication by a set of Fourier transforms of Gaussian windows of varying width and finally, for each of these sums, taking the inverse Fourier transform. The equation for calculation of the S transform of discrete time series h ( kT ) at time jT and frequency n / NT is where T is the sample period of the discrete time series, j is the sample index, N is the number of samples in the time series, n is the frequency index, and H [ ] is the Fourier spectrum of the discrete time series. The S transform results in a time-frequency representation of the data. The exact code we used is a C language, S -transform subroutine available from the NIMH MEG Core Facility website (http:// kurage.nimh.nih.gov/meglab/). This code is specifically for use with real-time series, so it sets the input imaginary values, required by the S transform, to zero, and it always uses the Hilbert transform so that each of the complex output time series is an analytic signal.
To reduce anomalies in the S -transform output at the beginning and the end of the output time series, we used a Hanning window over the initial and final 100 ms of the input time series.
The output of the transform for each stimuli and electrode site was calculated by averaging the individual trials containing the timefrequency energy distributions. To quantify S -transform magnitudes, an ROI was identified by specifying the band of frequencies and the time interval contained in the rectangular ROI. The timefrequency points saved from each S transformation are from 100 ms before to 900 ms after the onset of the stimulus, and from 1 Hz through 50 Hz at intervals of 0.5 Hz. Energy is the square of the magnitude of the S -transform output in a time-frequency ROI. The S -transform output for a time-frequency ROI, for a specific EEG lead, is proportional to the input voltage of the lead over the time-frequency interval. The S -transform magnitude squared for a time-frequency interval is therefore proportional to volts squared. These analyses are similar to those previously described [57] .
An S transformation at time t and frequency f has real and imaginary parts
where i is the square root of minus 1. The cosine and sine of the phase angle at this time-frequency point are
where the vertical bar pair indicates magnitude, here and below.
The cosine and sine of phase angle are calculated from the S transformation without having to calculate the phase angle. PLI is a measure of synchrony of phase angle over trials, as a function of frequency and of time relative to the start of the stimulus for each trial. The range of PLI is from zero to 1.0, with high values at a time and frequency indicating little variation, among trials, of phase angle at that time and frequency. PLI is defined as
where the angle bracket pair indicates mean value over eligible trials, here and below. Eligibility depends on the stimulus type and absence of significant artifact. This definition is based on cosine and sine of phase angles that are calculated from S transformations without calculating phase angles. This definition is mathematically equivalent to the definition in Schack and Klimesch [58] . PDLI is a measure of constancy over trials of the difference in phase angle between two channels, as a function of frequency and of time relative to the start of the stimulus for each trial. The range of PDLI is from zero to 1.0, with high values at a time and frequency indicating little variation, among trials, of phase angle difference between channels of the pair, at that time and frequency. PDLI is defined for frequency f at time t as
where Φ A and Φ B are phase angles of channels A and B, respectively. This definition of PDLI is equivalent to a definition of PLV, phase lock value, in Brunner et al. [59] . By means of some standard trigonometric identities the equation above is equivalent to the following, which, as for PLI, does not require that the phase angles be calculated
Phase Locking Increases during Adolescence Rectangular ROIs were defined within the time-frequency analysis plane by specifying, for each ROI, a band of frequencies and a time interval relative to the stimulus onset time. Time 0 in these definitions is the onset of the stimulus. The ROI frequencies in both human and animal studies were as follows: delta (1-4 Hz), theta (4-7 Hz), alpha (7-13 Hz) and beta (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . The ROI time intervals were delta (200-500 ms), theta (10-400 ms), alpha (0-300 ms) and beta (0-300 ms). ROI time intervals were selected based on ERO energy in specific ERP component locations (N1, P3) in previous ERP studies [42] . Using mean values over trials, the maximum values were calculated for each ROI, for each electrode location or, for PDLI, for a pair of electrode locations (FZ-PZ) for energy, PLI amplitude and PDLI amplitude.
Statistical Analyses
The first set of analyses (IBM SPSS Statistics 20.0. Armonk, N.Y., USA) were aimed at determining whether the amount of: (1) energy, (2) degree of phase locking within electrode locations (PLI) and (3) degree of phase locking between electrode locations (PDLI) were different between the active and passive ERP paradigms used in the two sets of periadolescent human participants. Three multivariate analyses of variances (MANOVAs) were used to test between subject effects for energy, PLI and PDLI. Variables entered into the MANOVAs included the following: (1) group (active vs. passive task), (2) electrode location (FZ, CZ, PZ) for energy and PLI and FZ-PZ for PDLI, (3) tone (frequent and infrequent tones) and (4) the 4 time-frequency ROIs (delta, theta, alpha, beta). If significant main effects were found, repeated measures and interactions were explored using post hoc ANOVAs. To determine whether the age of the participants in the active task differed from those in the passive task a one-way ANOVA that compared the two groups was conducted. The second question focused on whether the periadolescent active task participants differed from the adult participants on energy, PDLI and PLI values. Three multivariate analyses of variance (MANOVAs) were used to test between subject age effects for energy, PLI and PDLI separately for the rats and the human participants. Variables entered into the MANOVAs were as follows: (1) group (periadolescent vs. adult), (2) electrode location (FZ, CZ, PZ) for energy and PLI and FZ-PZ for PDLI, (3) tone (frequent and infrequent tones) and (4) the 4 time-frequency ROIs (delta, theta, alpha, beta). If significant main effects were found, repeated measures and interactions were explored using post hoc ANOVAs. To determine whether the number of behavioral responses of the adults and periadolescent participants in the active task differed, a one-way ANOVA that compared the two groups was conducted. To reduce type 1 error, significance was set at p < 0.01.
Results
A total of 38 adult and 31 periadolescent human participants (all males) had valid electrophysiological data available for the current analyses. The adults had a mean ± SD age of 20.53 ± 2.08 years (range = 18-25 years) and 11.89 ± 1.09 years of education. The periadolescents had a mean ± SD age of 12.0 ± 1.5 years (range = 10-14 years) and 6.4 ± 1.72 years of education. Overall, 34 rats completed the protocol and had data available for analyses, though 2 rats had only one channel of electrophysiology data. The periadolescent rats were between PD33 and PD39 days old and had a mean ± SE body weight of 142 ± 5.9 g. The adult rats were between PD99 and PD117 days old and had a mean ± SE body weight of 382 ± 3.6 g.
ERO Responses to Frequent and Infrequent Tones in the Active and Passive Tasks in Periadolescent Humans
One-way ANOVA revealed that there were no significant age differences between the periadolescent participants in the active task and those in the passive task. To address the first major research question, MANOVA was used to determine whether the values for energy, PLI or PDLI for the three electrode locations (FZ, CZ, PZ) differed between the infrequent and frequent tones, or differed between the active and passive task in the periadolescent humans. In the active task MANOVA revealed that no significant overall differences were found in measures of ERO energy for the effect of tone (frequent vs. infrequent tone) or group (active vs. passive task). However, there were significant overall effects of electrode location: F = 6.7, d.f. = 2, 174 and p < 0.002 (grand means: FZ = 54.4 ± 6.8, CZ = 64.1 ± 6.8, PZ = 88.4 ± 6.8), with the PZ having higher energy than the CZ or FZ, as seen in table 1 . Evaluation of PLI values using MANOVA with repeated measures revealed a significant main effect of electrode location with higher PLI values in CZ than PZ: F = 12.2, d.f. = 2, 174 and p < 0.001 (grand means: FZ = 0.44 ± 0.01, CZ = 0.46 ± 0.01, PZ = 0.39 ± 0.01). A significant main effect of tone was also found with increases in the PLI values obtained following the infrequent (target) tone compared to the frequent (nontarget) tone (F = figure 1 b. The infrequent (target) tones had the same amplitude in the active versus the passive task but the frequent tone had lower PLI values in the active task.
A highly significant main effect of tone was found in PDLI between FZ and PZ (F = 56.7, d.f. = 1, 58, p < 0.001), as also seen in figure 1 c. PDLI was found to be significantly higher following the infrequent (target) tone compared to the frequent (nontarget) tone. There were no significant main effects of PDLI as a function of group (active vs. passive task).
Developmental Differences in EROs in Humans
The second major research question concerned whether adults differed from periadolescents in ERO responses to auditory stimuli with an active task. A comparison of the number of behavioral responses given in the active task revealed that there were no significant differences between adults and periadolescents. The mean number of responses for the adults was 25.3 ± 0.2 and for the periadolescents the number was 26.5 ± 0.6 out of a total possible 25 responses. An evaluation of energy values in the human participants using MANOVA revealed a main effect of group (periadolescents vs. adults: F = 89.6, d.f. = 1, 330, p < 0.001) and a main effect of tone (frequent vs. infrequent target: F = 7.32, d.f. = 1, 330, p < 0.007). The in- Grand means revealed that periadolescents had significantly higher energy (68.28 ± 3.2) than adults (30.8 ± 2.3). ANOVA identified that for the frequently presented tone, periadolescents had significantly higher energy than adults in all electrode locations for all time-frequency ROIs except for theta activity in FZ (F value range = 7.6-74.7).
As seen in figure 2 a, the ANOVA revealed that periadolescents also had significantly higher energy values than adults to the infrequent (target) tone in the delta Grand means also revealed that periadolescents had significantly lower PLI values (0.41) than adults (0.5). ANOVA identified that for the frequently presented tone, periadolescents had significantly lower PLI than adults for delta and theta activity for all electrode locations (F value range = 8.6-42.8). 
Developmental Differences in EROs in Rats
The second major research question also concerned whether adults differed from periadolescents in ERO responses to auditory stimuli in rats. An evaluation of energy values in the rats using MANOVA revealed a main effect of group (periadolescents vs. adults: F = 152.1, The infrequent tone had a significantly higher overall energy (546.5 ± 27.4) than the frequent tone (431.9 ± 27.4). Grand means revealed that periadolescents had significantly higher energy (728.1 ± 29.0) than adults (250.2 ± 25.7). ANOVA identified that for the frequently presented tone, periadolescents had significantly higher energy than adults in all electrode locations for all timefrequency ROIs (F value range = 10.2-57.1).
Age produced similar results on energy values collected following the infrequent tone in the rats. Grand averages of the energy values for the group of rats with complete data (n = 31) for the periadolescent and the adult rats for the infrequent tone are presented in figure 7 . Repeated measures ANOVA revealed that periadolescents had significantly higher energy values than adults to the infrequent (target) tone in the delta (F = 44. 
Discussion
Brain histochemical studies have shown that during early and mid-childhood there is a proliferation of synapses, particularly in cortical areas [60] [61] [62] . This process of synaptogenesis, depending on the species, may last for months or years and is then followed by a period of selective elimination ('pruning'), during adolescence, which is partly experience dependent [63] [64] [65] [66] . During this same period a chronological sequence of myelination of axons occurs with the prefrontal and association cortices being the last to develop [62] . It has been suggested that subcortical circuitry involving such structures as the ventral striatum, insula and extended amygdala, which are involved Significant mean values for the PDLI of EROs following the infrequent (target) tone for periadolescents and adults in the delta (1-4 Hz, 200-500 ms), theta (4-7 Hz, 10-400 ms), alpha (7-13 Hz, 0-300 ms) and beta (13-30 Hz, 0-300 ms) time-frequency ranges. Phase differences were calculated between FZ and PZ for the human study and between FCTX and PCTX in the rat study. a Human adults showed significantly increased PDLI across all frequency bands compared to periadolescents. b Adult rats (periadolescent: n = 14, adult: n = 18) also had significant increases in PDLI in the theta, alpha and beta time frequencies. * p < 0.01, * * p < 0.001. Error bars = SEM. in motivation and reward, may develop early in adolescence relative to frontal cortical circuits that subserve executive cognitive control functions, thus leading to the predisposition to behavioral disinhibition and risk taking often seen in adolescence [for review, see 67, 68 ] . Imaging techniques, in particular MRI and fMRI, have allowed for large quantitative cross-sectional and longitudinal studies of the trajectory of brain development over adolescence to be mapped [for review, see 69, 70 ] . These studies have added temporal detail to the histochemical studies and have demonstrated that cortical volume decreases across adolescence while white matter volume increases, particularly in the prefrontal cortex [71] . A different approach has been accomplished by studies utilizing graph theory analyses to evaluate patterns of low-frequency temporal correlations in fMRI signal to determine how network characteristics of brain-wide patterns may change from childhood to adulthood. These studies suggest that in childhood brain networks are more localized with the functional connectivity being more short range, whereas in adults the networks are spread out over larger areas with more long-range connections [72] [73] [74] [75] . While these structural studies provide important information on the trajectory of brain development they shed less light on how changes in cognitive functions are related to brain activity in specific neuronal networks, in real time, and how those functions might change over the life span [76] .
Macroelectrophysiological recordings reflect the activity of large-scale neuronal assemblies and have the po- tential to index information processing changes during development. A body of knowledge is beginning to emerge that suggests that the phase locking of frequencyspecific, neuro-oscillatory activity within and between neural assemblies may underlie the processes whereby the brain organizes and communicates information [22, 33, [77] [78] [79] . Phase locking of EROs represents a methodology whereby neuronal synchrony can be quantified and compared among experimental conditions in both humans and animals, providing thereby a translatable measure with which to explore the neural basis of the behavioral changes associated with development.
EROs over the spectral range of the EEG (generally between 1 and 50 Hz, although responses at lower and higher frequencies have also been reported [80] [81] [82] ), have been suggested to underlie a number of different cognitive processes. For instance, event-related alpha oscillations have been attributed to attentional resources, semantic memory and stimulus processing [83] [84] [85] [86] [87] [88] , whereas beta and gamma oscillations have been suggested to be involved with sensory integrative processes [89] [90] [91] . Oscillations in the delta and theta frequency ranges have been associated with signal detection, decision making, conscious awareness, recognition memory and episodic retrieval [29, 79, 84, [92] [93] [94] [95] [96] . It has been suggested that high-frequency oscillations (above 30 Hz) reflect synchronization of neuronal ensembles that are interacting over short distances in response to primarily sensory processes [97, 98] , whereas lower frequency oscillations (1-4 Hz) are generated by synchronization of ensembles in- teracting at longer distances during higher cognitive processing [99, 100] .
Infrequent Tones Produce Higher Phase Locking than Frequently Presented Tones, Independent of Task
In our study, the presentation of an auditory infrequently presented (rare/target) stimulus produced a robust and highly significant increase in phase locking of EROs compared to the frequently presented stimulus, both within and between brain areas in all frequency bands. Higher phase locking to target versus nontarget tones in a number of ERO frequency ranges has been reported previously in human subjects [101] [102] [103] [104] . In most cases the authors ascribed the differences in phase locking to the response requirements and or salience of the stimulus. In the present study we compared responses to infrequent tones that required response (active task) to those that did not (passive task). We found that the effect of the tone characteristics (amplitude, frequency) produced more significant and robust differences in EROs than the effect of the task. We suggest that in this simple sensory paradigm the most likely explanation of this finding is that the results observed represent a change in neural state associated with attending to a more novel, possibly environmentally relevant noise rather than to any task requirements or salience. These findings are consistent with a previous study that evaluated phase locking of EROs using a complex motor-learning task [105] . In that task, long-range theta phase coherence was stronger in the novel condition compared to learned sequences, independent of task difficulty. The authors interpreted those findings as a reflection of an increase in the amount of sensory information necessary to integrate novel sequences compared to learned sequences. Our studies demonstrate that changes in the stimulus characteristics in simple auditory tasks can also produce widespread changes in phase locking over a number of brain areas in the full range of the EEG frequencies (1-50 Hz). It has been suggested that the processing of sensory information, such as those used in our simple auditory task, is primarily guided by automatic 'bottom-up' processes that do not require as much mental processing [106] . Such effects may be mediated by mesencephalic reticular activation of cortical activity [107] .
Developmental Findings in ERO Energy and Phase Locking in Humans and Rats
The main goal of the present study was to investigate the effects of periadolescent to young adult development on energy and phase locking of EROs within and between brain areas in order to identify electrophysiological indices of brain development that occur in both rats and humans. Although a number of studies have presented data suggesting that phase locking of EROs is correlated with various cognitive functions, fewer studies have applied this methodology in translational studies in rodents. In the present study, developmental differences consisting of significantly higher ERO energy in all frequency ranges (delta, theta, alpha, beta) in all three electrode sites (FZ, CZ, PZ) for both the frequently presented tone and the infrequently presented (target) tone were found in the periadolescent humans compared to the adults. Similar developmental differences were found in periadolescent rats compared to adult rats in all frequency ranges and both electrode sites (FCTX, PCTX), except for beta frequencies in the FCTX. It has long been known that EEG recordings from children are dominated by high-amplitude slower rhythms that diminish in amplitude and increase in frequency over the course of adolescence [108] [109] [110] [111] [112] and that deviations from normal patterns have been associated with abnormal or delayed brain maturation [113] . It has also been suggested that gray matter loss or synaptic pruning may underlie these developmental changes seen in EEG amplitude over adolescent development [114] . However, it is still less clear how such changes in EEG spectral amplitude are related to cognitive changes also occurring during this time period. EEG spectral power reflects changes in both the size and strength of the neuronal assemblies engaged in stimulus processing and also to what extent the neural ensembles are in phase synchronization [21, 115] . Our data suggest that both the size of the neural assemblies and their degree of phase locking are changed over adolescent development.
In the present study periadolescent humans were found to have significantly lower synchrony than adults as indexed by PLI levels in a range of frequencies over all electrode sites. Periadolescent humans also had significantly lower PDLI levels (FZ-PZ) than adults in all frequency ranges. Previous studies have evaluated PLI values over development in human participants. Lower evoked gamma power and PLI in children compared to adults has been previously reported using a simple visual choice-reaction task [116] . Additionally, Yordanova et al. [104] found that in 13-to 16-year-olds gamma band response in parietal but not frontal areas were enhanced by active attending to the side of a motor target more than in 9-to 12-year-olds. These data suggest that gamma band responses may mature over the course of early adolescence. Changes in alpha responses over development have also been reported previously. In one study, young adults were found to have significantly lower amplitude and stronger phase locking than children in the age range of 6-11 years [101] . More recently, Muller et al. [40] have demonstrated that age differences in phase locking in the delta and theta frequency bands were higher for underattended than unattended conditions using a simple auditory oddball task. Additionally, Sander et al. [117] have reported that older adults show higher intertrial phase stability shortly after stimulus onset compared to children and younger adults using a working memory task. Early phase stability has been related to working memory performance in younger adults and high-functioning older adults [118] . Taken together, these studies suggest that phase synchronization increases over development in human subjects over a range of frequencies and task requirements.
Our studies are unique in that we were able to compare measures of phase locking over a wide range of frequency bands during periadolescent to adult development in rats and compare their responses using a similar task to humans. In our studies, both periadolescent rats and humans were found to have higher energy and lower PDLI values than the adults of their species over a wide range of frequency bands. We found that although rats had similar findings to humans on measures of PLI, the results were not as robust and only occurred in the infrequently presented tone in one frequency band. One explanation of these findings is that the rats were only evaluated in a passive task. When we compared the results of our active and passive ERP tasks in human subjects, we found that ERO energy and PDLI did not differ between tasks. However, PLI values were found to differ between the active and passive tasks with the frequently presented tone being less attended to in the active task. Taken together, these data suggest that PLI values are sensitive to task requirements and thus may have less comparative value between humans and rodents that are not performing the same task.
Reductions in phase locking and/or measures of coherence between brain areas in children compared to adults have been reported previously in human subjects [40] . It has been suggested that phase locking of EROs within a brain area (PLI) may differ from phase locking of EROs between brain areas (PDLI) in terms of both the cognitive and neuroanatomical substrates of the effects. Local phase synchronization most likely reflects maturation in inhibitory-excitatory dynamics within local circuits that may be influenced by such processes as synaptic pruning and local structural reorganization [5, 11] . Synchronization between brain areas may rely on communication between brain areas that are influenced by such factors as maturation of white matter during development [15] . Vakorin et al. [119] and Thatcher et al. [120, 121] have suggested that increased integration between distributed neuronal populations is the key factor contributing to the 'increased complexity' of brain signals that occurs during development. They have further suggested that over development less information is processed locally and more information is processed over distributed circuits in the brain [119] . Our study suggests that the increase in synchrony between brain areas increases over development not only in human subjects but also in rodents.
One limitation of our study is the question of whether the functions of the brain areas recorded in rodents can be compared to humans. There has been much debate on the larger question of whether brain areas can be compared between species, especially whether nonprimate species have a prefrontal cortex that is homologous to humans [for review, see 122 ] . In fact, it has been suggested that the prefrontal cortex is present in rodents, carnivores and other orders of class Mammalia and that mammals possess a common class pattern of frontal lobe organization [123] . However, it has been also suggested that specific areas such as the dorsolateral prefrontal cortex do not have a homologue in the rat similar to that seen in primates [122] . Another limitation of our study was that brain size differences between periadolescents and adults and between species may limit interpretation of the data even though the electrode locations were corrected for size differences. In humans it has been suggested that differences in EEG amplitude between children and adults may be due to skull thickness [124] . However, this cannot be the case in the present study in the rats as all recordings were made with implanted electrodes, which eliminates the issue of skull thickness. Another limitation was that ERO comparisons between species were restricted to the use of a simple passive task and/or comparisons of nonattended tones. This may restrict the usefulness of these electrophysiological indices of development with respect to their relationship to cognitive development and/or task requirements. However, recent studies using measures of multivariate pattern classification analysis to examine maturation in task-induced brain activation and in functional connectivity during adolescence have found that functional brain maturation in adolescence is driven by a common process across cognitive tasks as opposed to being task specific [125] . The authors further proposed that brain connectivity changes over the course of adoles-cence affect brain functionality at a basic level that is common in the simplest go/no-go task and in a complex gambling task [125] . We have concluded that it is likely that recordings from simple auditory tasks can be reasonably compared between rodents and humans, but that more complex tasks may not be comparable. However, fundamental differences that occur in brain synchrony over development may be conserved, independent of task difficulty.
Conclusion
Using a similar auditory ERP paradigm in both rats and humans, we investigated the energy and phase variability of EROs. No significant changes were found in measures of ERO energy between the frequent and infrequent tones or between the active and passive tasks in periadolescent humans. Neuronal synchrony as indexed by PLI and PDLI was significantly higher to the infrequent (target) tone compared to the frequent (nontarget) tone in all brain sites in all of the ROI time-frequency intervals. There was a smaller but significant increase in PLI but not PDLI as a function of active task requirements in periadolescent humans. Developmental differences consisting of significantly higher ERO energy in all frequency ranges (delta, theta, alpha, beta) in all three electrode sites (FZ, CZ, PZ) in the periadolescent humans compared to the adults and in periadolescent rats in all frequencies in PCTX and all but beta in FCTX compared to adult rats. Periadolescent humans were found to have significantly lower synchrony than adults as indexed by lower PLI levels in the delta and theta frequency ranges in all three electrode sites (FZ, CZ, PZ). Periadolescent humans had significantly lower PDLI levels (FZ-PZ) than adults in all frequency ranges. Periadolescent rats also had lower PLI values than adults in the alpha frequencies in PCTX and lower PDLI levels than adults in the theta, alpha and beta frequency ranges. Taken together, these findings are consistent with the hypothesis that adolescent remodeling of the brain includes decreases in energy and increases in synchrony over a wide frequency range both within and between neuronal networks and that these effects are conserved over evolution.
